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We present the results of a search for unknown interactions that couple to mass between an
optically levitated microsphere and a gold-coated silicon cantilever. The scale and geometry of
the apparatus enables a search for new forces that appear at distances below 100 µm and which
would have evaded previous searches due to screening mechanisms. The data are consistent with
electrostatic backgrounds and place upper limits on the strength of new interactions at < 0.1 fN
in the geometry tested. For the specific example of a chameleon interaction with an inverse power
law potential, these results exclude matter couplings β > 5.6× 104 in the region of parameter space
where the self-coupling Λ & 5 meV and the microspheres are not fully screened.
Observations indicate that the universe is expanding
at an accelerating rate [1–3]. This acceleration can be
explained by the presence of ‘dark energy’ throughout
the universe [4]. Although the nature of dark energy is
unknown, one possibility is that it consists of a scalar
field that couples to mass [5, 6]. Astrophysical mea-
surements of the dark energy density imply an energy
scale of Λ = 2.4 meV, corresponding to a length scale of
~c/Λ ∼ 80µm.
It might be possible to detect the presence of a scalar
field constituting dark energy by searching for new in-
teractions between objects separated by distances below
the dark energy length scale [5–8]. In many cases, the
resulting forces can be substantially larger than Newto-
nian gravity at short distances [6, 9]. The most sensi-
tive previous searches for violations of Newtonian grav-
ity at or below the dark energy length scale employed
macroscopic test masses or a conductive shield between
the probe and test masses to minimize electromagnetic
backgrounds [8, 10–13]. Although these experiments
place stringent constraints on deviations from Newto-
nian gravity, it is possible to construct theories of dark
energy involving new forces that could have avoided de-
tection due to the geometry and scale of previous ex-
periments [6, 9, 14, 15]. For these screened interac-
tions, recent searches using microscopic test masses such
as atoms [16, 17] or neutrons [18–20] often provide the
strongest constraints.
Several screening mechanisms have been proposed to
evade existing experimental constraints on scalar inter-
actions in the laboratory and solar system [6]. A spe-
cific example is the chameleon mechanism [21, 22], in
which the effective mass of the chameleon particle (cor-
responding to the inverse length scale of the interaction)
depends on the local matter density. At cosmological
distances where the matter density is low, the chameleon
field would mediate a long range interaction that explains
the accelerating expansion of the universe [23]. However,
most laboratory experiments are carried out in regions
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FIG. 1. (left) Schematic of the optical trap and shielding elec-
trodes. The electrode in the foreground is removed to show
the inside of the trap. (right) Zoom in on the region near the
trap. A 5 µm diameter microsphere is suspended at the focus
of an upward propagating laser beam. The 10 µm thick Au-
coated Si cantilever is positioned at ∼20–200 µm separations
from the microsphere and oscillated in the z direction using
a nanopositioning stage.
of high matter density, where the forces arising from the
chameleon interaction are suppressed.
This work presents a search for screened interactions
below the dark energy length scale using optically levi-
tated µm-size dielectric spheres as test masses. Levitated
microspheres in high vacuum [24–32] can be used to de-
tect forces  10−18 N [30, 33–36], and in many cases
their small size avoids screening effects.
The test masses used in this work consist of amorphous
silica microspheres with radius r = 2.5 µm and mass
m = 0.13 ng [37] levitated in a single-beam, upward-
propagating 1064 nm laser trap [34, 38]. The radiation
pressure from the laser counters Earth’s gravity and acts
as an optical spring pulling the microsphere to the cen-
ter of the Gaussian beam [39]. The resonant frequencies
of the trap are ∼ 150 Hz for the 2 degrees-of-freedom
orthogonal to the Earth’s gravity and ∼ 100 Hz for the
degree-of-freedom parallel to Earth’s gravity. The po-
sition of the microsphere is measured by focusing sec-
ondary 650 nm Gaussian laser beams on the micro-
sphere and imaging the pattern of scattered light onto
a position-sensitive photodiode (PSPD). For small dis-
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2placements from the center of the trap, the PSPD pro-
duces a differential current that is a linear function of the
position of the microsphere.
When the microspheres are loaded into the optical
trap, they typically have an electric charge of ∼ 100e [34].
The charge is measured by monitoring the response to
an oscillating electric field. Microspheres are discharged
with UV radiation from a Xenon flash-lamp. As shown
in [34], clear charge quantization can be observed at the
end of the discharging cycle, providing a force calibration
for the system.
The microspheres are levitated inside of a vacuum
chamber to reduce the force noise coming from colli-
sions with residual gas. Due to reduced gas damping,
the trap becomes unstable below 0.05 mbar. To stabilize
the trap, active feedback is applied by measuring the mi-
crosphere’s position and modulating the position of the
trap. Measurements are performed at pressures below
10−6 mbar where the noise for force measurement is lim-
ited to 2×10−17 N Hz−1/2 by imaging noise. The optical
setup and calibration methods are improved versions of
those discussed in [34].
A schematic view of the apparatus is shown in Fig. 1
where a coordinate system is defined. The microsphere
coupling is probed with a silicon cantilever with dimen-
sions 500 µm × 2000 µm × 10 µm and a 500 µm thick
handle, fabricated from a silicon on insulator (SOI) wafer
using optical photolithography and plasma etching. The
10 µm dimension is oriented so that the cantilever clears
the Gaussian beam waist of the laser and the 500 µm
dimension is approximately centered on the trap in the x
direction. A 200 nm gold shielding layer was evaporated
onto the cantilever to minimize its electrostatic interac-
tions with the microsphere. The cantilever is mounted on
a 3-axis nanopositioning stage used to control its spac-
ing from the microsphere with a precision of 3 nm and a
travel of 80 µm [40]. The trap and cantilever are electri-
cally shielded inside a cube consisting of six gold-plated
electrodes separated by 4 mm, whose potentials are con-
trolled by external digital-to-analog converters (DACs).
The nanopositioning stage is mounted on a piezo motor
driven stage with 12 mm travel in the z direction to pro-
vide coarse positioning.
To measure electrostatic interactions between the can-
tilever and the microsphere, each shielding electrode was
set to a nominal potential of 0 V while the cantilever
was biased to a non-zero potential. The z position of the
nanopositioning stage was driven with an 18.3 Hz sine
wave over its full 80 µm travel. The microspheres were
aligned with the center of the cantilever in the y direction
by determining the position at which the maximum elec-
trostatic response was seen as the cantilever was swept in
the z direction at fixed bias. The microsphere and stage
positions were recorded in 50 s long integrations. Data
were acquired for coarse stage positions with closest ap-
proach of 20, 60, 100, and 150 µm. This procedure was
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FIG. 2. Measured response of microsphere #1 versus dis-
tance from the cantilever face as the cantilever is swept in
z with a constant bias of 1,2,3,4, and 5 V. The data points
are shown as dots and the best fit model as solid lines. (in-
set) Amplitude of the fit component ∝ ∂zEz (top) and the
fit component ∝ Ez∂zEz (bottom). Fits to the expected lin-
ear and quadratic dependence on the voltage are also shown
(solid lines).
TABLE I. Dipole moments and polarizabilities measured for
each microsphere.
Microsphere p0z [e µm] α/α0
#1 151 ± 6 0.21 ± 0.13
#2 89 ± 10 0.00 ± 0.33
#3 192 ± 30 0.25 ± 0.14
repeated for each of three microspheres considered in this
work.
To eliminate low frequency drifts, the microsphere po-
sitions were first mean subtracted. The data were then
averaged in 10 µm cantilever position bins and calibrated
to force units using the single-charge-step calibration dis-
cussed previously. Data at neighboring coarse-stage posi-
tions were matched in the 30–40 µm overlap region. The
measured electrostatic force versus spacing between the
cantilever and the microsphere is shown in Fig. 2.
Although electrically neutral microspheres are used,
they still contain ∼ 1014 charges and interact primar-
ily as electric dipoles. The force on a microsphere with
dipole moment p is given by F = (p · ∇)E [41], where
p = p0 + αE consists of a permanent dipole, p0, and
an induced dipole, αE, for polarizability α. The lat-
ter term incorporates any dipole induced by an electric
field, including the linear dielectric response as well as
any non-zero surface charge mobility. Figure 2 shows a
fit to the model F · zˆ ≡ Fb(z) = (px∂x+py∂y+pz∂z)Ez ≈
p0z∂zEz + αEz∂zEz.
3A finite-element method (FEM) was used to solve for
E within the geometry of the trapping region. Dipole
moments and polarizabilities were extracted by fitting
the microsphere responses at non-zero cantilever bias to
Fb(z). The results of this fit for each microsphere are
shown in Table I. The dipole moments are measured in
units of e µm and the polarizabilities are reported rel-
ative to α0 = 30
(
r−1
r+2
)
( 43pir
3) assuming r ∼ 3 and
r = 2.5 µm. The reported values of polarizability, which
are smaller than α0, could arise from systematics in the
determination of a small induced dipole on top of a much
larger permanent dipole, an unexpectedly low value of r,
or a smaller than expected volume.
Following the measurement of the electrostatic inter-
action at a given coarse stage position, the cantilever was
set to a nominal potential of 0 V, and twenty additional
50 s long integrations were acquired to search for new
screened interactions. This procedure was then repeated
to obtain three 1000 s measurements at each coarse stage
position in order to quantify time dependent variation in
the measured response over a period of several hours.
The standard deviation of the repeated measurements at
each position bin was included as an additional system-
atic error.
The measured force versus position for each of the
three microspheres is shown in Fig. 3. A small residual
force . 10−16 N can be seen for each microsphere. This
response is consistent with electrostatic forces resulting
from the permanent electric dipole moment of the micro-
spheres coupling to the electric field produced by poten-
tial differences between the cantilever and shielding elec-
trodes of . 30 mV. Contact potentials of this scale are
expected to arise between connections to the electrodes
in the vacuum chamber and external electronics.
The data shown in Fig. 3 can be used to set con-
straints on new screened interactions at distances of
the order of the dark energy length scale, with a sen-
sitivity that is limited by the presence of the residual
electrostatic backgrounds. As a concrete example, we
consider the presence of a non-relativistic, steady-state
chameleon field, φ, that mediates a force between the
microsphere and cantilever. Following [9, 15, 17], we as-
sume an inverse power law form of the effective potential
Veff(φ) = Λ
4[1 + (Λ/φ)n] + (βρ/MPl)φ. Here, Λ is the
scale of the chameleon self interaction, often chosen at the
dark energy scale Λ ∼ 2.4 meV. The coupling to matter
of density ρ is determined by the scale M = MPl/β where
MPl is the reduced Planck mass and β is unitless. Al-
though other power laws are possible, n = 1 was chosen
as a characteristic example for this search.
Similar to the electric field calculation described above,
an FEM was employed to solve the non-linear equation
of motion ∇2φ = ∂φVeff in the geometry described previ-
ously. The residual gas pressure of ∼ 10−6 mbar was
included, but has negligible effect on φ for values of
FIG. 3. Measured response for microspheres #1 (top), #2
(middle), and #3 (bottom) versus distance from the can-
tilever face as the cantilever is swept in z with a nominal
bias of 0 V. The best fit electrostatic background-only model
(dashed) and the amplitude of a chameleon force at the 95%
CL upper limit for Λ = 10 meV (solid) are also shown.
the matter coupling considered in this work. Bound-
ary conditions were set to the equilibrium value of the
field within the cantilever and electrodes, following the
detailed treatment of matter-vacuum interfaces in [17].
The resulting chameleon force on a microsphere
in the z direction was calculated as Fc(z, β, λ) =
λ(βρ/MPl)
∫
V
(∂zφ) dV where ρ and V are the density
and volume of the microsphere and λ is a screening fac-
tor [15, 17]. In the region of parameter space where
ρr2 < 3MPlφ/β, the microsphere is unscreened and
λ = 1. However, when β becomes sufficiently large, the
force on the microsphere is suppressed by λ < 1 [15, 17].
The data for each microsphere were fit to a model
F (z) = AcFc(z, β,Λ) + AbFb(z) + A0, where Fb(z) is
the shape of the empirical background measured for each
microsphere when the cantilever was biased to 5 V, Ab
is the unknown electrostatic background amplitude due
to residual contact potentials on the electrodes, and A0
accounts for the arbitrary offset subtracted from the data
at each coarse stage position.
Ac, the normalization of the chameleon force, was con-
strained in the fit by the following systematics. The mi-
crosphere mass was not directly measured, but the ra-
dius of the spheres was determined by the manufacturer
to be 2.5± 0.24 µm, leading to a 35% uncertainty on the
chameleon force. Fits of the calibration data to the elec-
tric field simulations indicate that the microsphere was
centered in y relative to the cantilever within 4 µm, lead-
ing to an uncertainty on the amplitude of the chameleon
force of 1.8%. The z position of the coarse stage was
determined from microscope images of the cantilever to
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FIG. 4. (color online) Limits on Λ versus 1/β = M/MPl
for the chameleon model discussed in the text. The 95%
CL exclusion limits from this search are denoted by the dark
(gray) region. Recent constraints from atom interferometry
are shown by the light (blue) region [16, 17]. The horizontal
line indicates Λ = 2.4 meV. Limits from neutron interferom-
etry [18–20] and from the Eo¨t-Wash torsion balance experi-
ment [8, 14, 44] are denoted by the hatched regions. These
limits are shown only in the restricted regions of parameter
space considered in Refs [18] and [14].
. 10 µm, at each coarse stage setting. Using the posi-
tions and uncertainties determined from the calibration
images, the coarse stage positions were further refined by
allowing z-position offsets to float at each coarse stage
position in the electrostatic fit. The best fit positions
were used in the final chameleon fit, and their uncertain-
ties contribute an additional systematic error of 6%. All
errors were added in quadrature for a total systematic
error of 36% on Ac, dominated by the uncertainty in the
microsphere masses.
At each value of Λ, the profile of the negative log like-
lihood (NLL) was calculated by minimizing the NLL for
the fit at each value of β over the nuisance parameters Ac
(including its Gaussian constraint), Ab and A0. The 95%
confidence interval for β was determined from the com-
bined profile from all three microspheres following Wilks’
theorem [42, 43]. This was done assuming that 2NLL fol-
lows a χ2 distribution with one degree-of-freedom (DOF).
The χ2 statistic at the best fit point and for the back-
ground only model indicates that both provide a good
fit to the data. At the best fit point, χ2 = 97.8 for 87
DOF, while for the background only model χ2 = 98.9
for 88 DOF. For all Λ, the data are consistent with the
background-only model at the 95% confidence level (CL).
The background-only fits are shown in Fig. 3, together
with the amplitude of a chameleon force at the 95% CL
upper limit.
The resulting limits on 1/β = M/MPl are shown in
Fig. 4 and compared to existing limits on chameleon in-
teractions. Due to the self-screening of the microsphere
at large values of β, these results are not able to constrain
forces arising from chameleons for Λ = 2.4 meV given
current backgrounds. However, at values of Λ > 4.9 meV,
the self-screening is reduced, and these data are able
to constrain chameleon interactions. These bounds are
within a factor of 3 of the best existing constraints from
atom interferometry using an entirely independent tech-
nique.
The analysis presented here constrains screened inter-
actions that would produce a force between the cantilever
and the microsphere greater than 0.1 fN at separations
greater than 20 µm. This search is limited by back-
grounds from fixed dipole moments in the microspheres
coupling to electric fields caused by contact potentials.
One method for reducing such backgrounds is to spin
the microspheres by applying an optical [45] or electro-
static torque [46]. It might be possible to anneal the
microspheres in situ [47] to increase the rate at which
separated charges within the microspheres recombine.
Finally, commercially available microspheres made from
different materials might have smaller permanent dipole
moments. Some combination of these techniques may be
used in the future to enhance the sensitivity reached here.
These results provide the first search for interactions
below the dark energy length scale using isolated meso-
scopic objects separated by mesoscopic distances with-
out an intervening electrostatic shield. This experimen-
tal technique is complementary to previous searches and
could be sensitive to interactions that have evaded detec-
tion to date. The determination of the electric field near
the cantilever and measurement of the interaction of elec-
trically neutral silica microspheres with these fields pro-
vides important constraints on the expected backgrounds
for future searches using similar methods. Future work
will feature a search optimized for unscreened Yukawa
interactions.
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